ABSTRACT: After a serious decline in the past, some twaite shad Alosa fallax populations have significantly recovered during the last decade. Although increasing numbers of the species occur in areas of the southern North Sea, detailed quantitative analyses have not been published on spawning stocks of specific North Sea estuaries. In this study, the development of the twaite shad spawning stock of the Elbe estuary, its spawning period and spawning area were determined using abundance data, gonad maturity information and the gonadosomatic index. Abundances were compared between the periods
INTRODUCTION
Historically, the twaite shad Alosa fallax (La cépède, 1803) was a widely distributed species in Europe, occurring in the Baltic and North Seas (Stelzenmüller et al. 2004 , Thiel et al. 2008 , the Northeast Atlantic (Taverny & Elie 2001) and the Mediterranean and Black Seas (Turan & Basusta 2001 , López et al. 2007 ). However, populations suffered from anthropogenic impacts, in particular water pollution and hydraulic engineering work, including the building of weirs (Aprahamian & Aprahamian 1990 , Aprahamian et al. 2003 . Twaite shad declined throughout Europe and even became extinct in some rivers (Bervoets et al. 1990 , Sabatié & Baglinière 2001 . For this reason, the twaite shad has been included in a number of European national red lists, e.g. listed as extinct in the Netherlands and Luxembourg (Aprahamian et al. 2003) , endangered in Belgium, Denmark and Germany (Fricke et al. 1994 , Berg 1998 , Aprahamian et al. 2003 , and vulnerable in Spain, Portugal, Poland, Ireland and the UK (Aprahamian et al. 2003) , and it has also been listed in Annexes II and V of the European Directive on the conservation of natural habitats and of wild fauna and flora (Habitats Directive 92/43/EEC of 21 May 1992) as well as in Annex III of the Bern Convention.
Nowadays, the overall economic importance of twaite shad appears to be low (Aprahamian et al. 2003 , Maitland & Hatton-Ellis 2003 , although it is commercially fished in countries such as France or Lithuania (Aprahamian et al. 2003 , Repe<ka 2003 , Maksimov 2004 ). In the recent past, improvements in water quality predominantly led to a recovery of some twaite shad spawning populations in the Baltic Sea (Repe<ka 2003 , Maksimov 2004 , Thiel et al. 2008 as well as in the Mediterranean (López et al. 2007 ). There are also earlier observations of increased numbers of twaite shad from surveys performed in coastal and offshore areas of the southern North Sea for the period 1996 to 2004 (Stelzenmüller et al. 2004 , Neudecker & Damm 2005 , Thiel & Backhausen 2006 , although no significant increase was observed in the Wadden Sea (Jager et al. 2009 ). Furthermore, there are indications of an initial stock increase in the Weser estuary (Scholle & Schuchardt 2012) and the reappearance of twaite shad in the Scheldt (Maes et al. 2005) . However, no detailed quantitative analysis on the status of the twaite shad spawning stock in a North Sea estuary has been published recently.
One of the most important spawning stocks of twaite shad in the North Sea region occurs in the Elbe estuary (e.g. Möller & Dieckwisch 1991) , one of the largest estuaries in Europe (Pihl et al. 2002) . The current status of this population is unknown. As is true of many estuaries, the Elbe estuary is highly impacted by human activities such as channelisation, industry and fisheries (Thiel 2003 (Thiel , 2009 . After a serious decline in the past (Sterner 1918 , Kühl 1976 , the twaite shad population of the Elbe estuary was found to be relatively stable in the early 1990s (Thiel et al. 1996) . However, since then, there has been a further deepening of the navigation channel as well as a reduction of the shallow water regions (Kerner 2007 , Thiel 2009 ). These measures resulted in a reduction of both the specific water surface area and the aeration capacity of the shallow water regions, and therefore caused an impairment of the oxygen situation in the Elbe estuary (FGG Elbe 2007 , Kerner 2007 ). It is not yet known whether these activities affected the twaite shad population.
The protection of twaite shad on its spawning grounds in this heavily impacted estuary is necessary to ensure the long-term maintenance of the population (e.g. Costello et al. 2002) . For that purpose, the spawning period as well as the spawning area must be known. Direct observations of spawning events could provide such information (López et al. 2007 , López et al. 2011 , but this would require extensive surveys on potential spawning grounds (López et al. 2011 ). In the case of the Elbe estuary in the late 1990s, the spawning area had a longitudinal extent of approximately 25 km (Thiel et al. 1996 , Gerkens & Thiel 2001 , and thus this procedure would not be effective. Sampling of early life stages (eggs, early larvae) is another possible sampling method; however, this would necessitate complex catch methods (Hass 1968) . In contrast, adult fish are easier to obtain, and gonad maturity and gonadosomatic index (GSI) of adults could provide information on the spawning period and the spawning area (e.g. Massmann 1952 , Maitland & Lyle 2005 , King & Roche 2008 .
As far as it is known from one of the earliest observations in the late 19th century, twaite shad have always spawned in the estuarine part of the Elbe (Ehrenbaum 1894) . At that time, from estimations of occurrence data of early life stages, the spawning area extended approximately from river kilometres (rkm) 650 to 680, and the main spawning habitat appeared to be close to the upper border of this area. However, a displacement of the spawning area to rkm 655−705 was identified for the Elbe population in the 1960s (Hass 1968) . At the same time, the main spawning habitat was shifted to rkm 670−680, and this habitat persisted in the middle of the 1980s (Möller & Dieckwisch 1991) . Estimates derived from abundances of early and adult life stages indicated an upstream shift of the spawning area to rkm 645− 660 in the 1990s as a result of reduced water pollution (Thiel et al. 1996 , Gerkens & Thiel 2001 . However, the present upstream and downstream extent of the spawning area is not known. Additionally, hardly any data exist on the duration of the spawning period of twaite shad, which could have been affected by climate change in recent decades.
In the present study, the status of the Elbe spawning stock of twaite shad was evaluated. For that purpose, (1) abundance data from 2009 and 2010 of adult twaite shad were compared with prior data from 1992 to 1993 taking water temperature, oxygen concentration and salinity into consideration. Furthermore, gonad maturity and GSI data from 2010 were used in combination with abundances to determine (2) the duration of the spawning period and (3) the present extent of the spawning area in the Elbe estuary.
MATERIALS AND METHODS

Sampling
Adult twaite shad Alosa fallax were sampled in the Elbe estuary (Fig. 1A) by research surveys between April and October 2009 as well as between March and October 2010. Samples were collected on 6 consecutive days each month. In 2010, additional samples (N = 43) were obtained from the cooling water system of the Brokdorf nuclear power plant to increase the sample size for the analysis of gonad maturity and GSI. These were taken on individual days between March and October. In total, samples were obtained from 12 locations (hereafter referred to as stations) in the estuary. These are close to the city of Cuxhaven (downstream) and the city of Hamburg (upstream) (Fig. 1B) . The stations were located in one of 3 subareas -the lower (rkm 680−720), middle (rkm 660−680) or upper estuary (rkm 630−660) − which were characterised by different salinities (Arge Elbe 2005) . During the research surveys, 4 stow net hauls (2 during flood and 2 during ebb) were made at each station with a duration of ~90 min each. They were conducted using a commercial stow net vessel with a net opening of 135 m 2 (main stream) or 108 m 2 (marginal areas) and a mesh size of 8 mm measured knot to knot in cod end. Three mechanical flowmeters (Hydrobios and General Oceanics) were installed between the upper and lower beam of the net opening (at 1, 4 and 7 m depth) to determine the water volume that passed through the net during fishing. Salinity, water temperature (°C) and oxygen concentration (mg l −1 ) were measured at the beginning and end of each stow net haul using a portable multi probe U 50 (HORIBA). Both values were first averaged for each haul, and those values were then averaged for each subarea and fishing survey.
Abundances of adult twaite shad in the Elbe estuary between the years 1992 and 1993 were taken from Thiel et al. (1996) . Similar to the recent samplings from 2009 and 2010, the data from 1992 and 1993 were obtained by monthly research surveys (see Thiel et al. 1996) . The sampling stations corresponded to the stations used during the years 2009 and 2010 except for one station in the lower estuary, which was exclusively used during research surveys in 2009 and 2010 (Fig. 1B) . In 1992 and 1993, 2 hauls (one during flood tide, one during ebb tide) were made per station with a duration of ~240 min each. The commercial stow net vessel had an opening area of 90 m 2 and a mesh size of 8 mm. Mechanical flow meters were used similarly.
Catch analysis
After each catch, fish were identified, counted and measured for total length (L T , 5 mm below). Twaite shad were further divided into age groups based on their length−frequency distribution to identify all adult individuals of age group ≥2 belonging to the spawning stock. L T of age group ≥2 depended on the month and year of sampling, but was at least 210 mm. This procedure was previously verified for a part of the population (N = 223) by scale readings.
Abundances (A; ind. per 10 6 m 3 ) of adult twaite shad were calculated from the number of caught individuals as follows: 
where N is the number of individuals per haul, O net is the net opening (m 2 ), F is the value of the mechanical flowmeters (dimensionless) and X is the multiplication factor used to convert F into a length (m).
In 2010, the total weight (W, to the nearest 1 g) of all individuals analysed with regard to their gonad maturity and GSI was measured. Macroscopical gonad maturity was determined (Klinkhardt 1996) and twaite shad were classified into prespawning (Stages 1 to 5), spawning (Stage 6) and postspawning (Stages 7 and 8) individuals. For a subsample of these individuals, gonadal weight (W G ) was measured to the nearest 0.1 g. The GSI (%) was calculated as:
An overview of the samples taken in 2009 and 2010 and their origin is given in Table 1 .
Data and statistical analyses
Twaite shad abundances for the years 1992, 1993, 2009 and 2010 were compared for the months April to June. From April to September 2010, abundances were divided by each month and subarea. Subsequently, these were compared with the spawning period and the location of the spawning area determined from gonad maturity and GSI.
The spawning period was determined using both gonad maturity and GSI data in 2010. For gonad maturity, the spawning period was defined as the period in which spawning individuals occurred in the Elbe estuary. The spawning period was considered to be finished once all individuals of one sampling date had become postspawning individuals. For GSI data, the major spawning period was defined as the time between 2 sampling dates where a clear drop in the average GSI was observed. This was determined for males and females separately.
The spawning area was identified using gonad maturity in 2010. The spawning area was considered to be that part of the estuary where the number of spawning individuals was significantly higher than in other subareas.
Water temperature, oxygen concentration and salinity for April to June 2009 and 2010 were compared with earlier findings from 1992 to 1993 (Thiel et al. 1995 , Thiel & Potter 2001 . As water temperature does not differ significantly between the subareas of the Elbe estuary (Thiel & Potter 2001) , it was analysed by month only. Oxygen concentrations measured were checked for critical periods (i.e. periods when concentrations are < 4 mg l −1 ; see Möller & Scholz 1991) . Salinity was analysed by month and subarea.
All statistical analyses were performed using R 2.11.1 (R Development Core Team 2011). The chisquared test was used to test for differences in gonad maturity, whereas the Fisher's exact test was conducted in case of 2 × 2 matrices or as a post hoc test. The Kruskal-Wallis test, followed by a MannWhitney U-test, was carried out to test for differences in GSI and abundances between sampling dates. For all post hoc tests, Bonferroni correction was used. Whenever test statistics of several tests are represented together for ease of reading, ranges are given. Mean values are given along with standard deviations (SD), whereas median values are provided with ranges.
RESULTS
Abundances
In the 'Results' section, abundance data are given as number of ind. per 10 6 m 3 . Units are omitted for ease of reading. From April to June 1992 and 1993, median abundances of the twaite shad spawning stock were 0.9 (range: 0−244.9) and 0 (range: 0−154.7), 
Spawning period
In 2010, adult Alosa fallax were present in the Elbe estuary on sampling dates from 6 April until 11 September. Spawning individuals were found from 3 May to 16 June in 2010 (Fig. 3A) . The average GSI for males and females differed significantly between the sampling dates (males: H = 148.7, df = 9, p < 0.001, N = 250; females: H = 72.7, df = 10, p < 0.001, N = 130). Male GSI was maximal on 3 May and decreased clearly afterwards (Fig. 3B) ; however, a statistical Thus, in 2010, the spawning period occurred from at least 3 May to 16 June. As no data exist between sampling dates, the spawning period could have started as early as 27 April and could have lasted until 11 July at the latest.
In 2010, abundances differed significantly between the months (H = 142.9, df = 5, p < 0.001, N = 264). They illustrated an upstream movement of the spawning stock in April and May, which was followed by a downstream movement from June to September (Fig. 4) . High abundances occurred in April and May; however, abundances in May were significantly higher than in any other month in 2010 (U = 537.5−1900.5, df = 1, p < 0.001, N = 88 for 5 pairwise comparisons).
Spawning area
In the lower estuary, a high proportion of prespawning and postspawning individuals occurred in 2010 (Fig. 5) . The proportion of spawning individuals differed significantly between the subareas of the estuary (χ 2 = 116.539, df = 2, p < 0.001, N = 642). A higher proportion of spawning individuals was observed in the middle (p < 0.001, N = 557) and upper estuary (p < 0.001, N = 473) compared with the lower estuary. These results are supported by an incidental observation of a spawning event at the most downstream station in the upper estuary during sampling in May 2010. Fig. 4) . However, considering May abundances only, which were much higher than in June, significant differences were observed between the subareas (H = 8.7, df = 2, p < 0.05, N = 44). Twaite shad exhibited higher abundances in the middle than in the lower estuary (U = 35.0, df = 1, p < 0.01, N = 28).
Environmental parameters
In 2010, during the spawning period from May to June, water temperature was 17.6 ± 2.1°C in the lower, 18.6 ± 1.9°C in the middle and 19.4 ± 1.7°C in the upper estuary. The corresponding oxygen concentrations were 7.8 ± 0.6, 7.0 ± 1.0 and 7.5 ± 0.9 mg l −1 , respectively. Salinity was highest in the lower estuary (3.0 ± 3.3) and ranged from 0.5 ± 0.1 to 0.4 ± 0 in the middle and upper estuary, respectively.
In 1992 
DISCUSSION
In this study, information on gonad maturity and GSI served as an indicator of the spawning time and spawning area of twaite shad in the Elbe estuary. GSI is a well-accepted index with which to identify the spawning time of fishes (King 1995) , and a good agreement with maturity stages in this study indicates that both methods are valuable for this purpose. In the same manner, GSI and maturity stage were used to locate the spawning area of twaite shad. Surveys of early life stages could also have been used, even though both methods have disadvantages. Early life stages can float away on the current (Hass 1968) so that the catch location of eggs or early larvae does not necessarily represent the place of spawning. Using gonad maturity and/or GSI, the daily movements of spawners are not known, and similarly, the catch locations may not be identical to the locations of spawning. However, females migrate to the spawning grounds only if they are close to spawning and move back into the sea shortly after spawning (Hass 1965 , Maitland & Lyle 2005 . In contrast, males arrive early at the spawning grounds and stay there during the spawning season (Hass 1965 , Maitland & Lyle 2005 . Both behaviours indicate that the spawning maturity stage and a high GSI only occurred when individuals were in the vicinity of the spawning grounds, which supports the usefulness of this method. To allow for slight differences between the catch station and the real spawning ground, a relatively coarse spatial resolution was chosen in terms of the 3 subareas. This also facilitated the comparison with other studies that relied on different methods, e.g. early life stage surveys.
This study demonstrated that the twaite shad Alosa fallax spawning stock of the Elbe estuary has increased significantly in numbers over the past years, with median abundances of 27.3 and 11.9 in 2009 and 2010 in comparison to median values of 0.9 and 0 in 1992 and 1993 . A comparison of abundance data from the 1980s and the 1990s has not revealed an increasing population so far (Thiel et al. 1996) . Thus, recovery started recently. The recovery was apparent, even though anthropogenic impacts at the turn of the millennium resulted in recurrent oxygen deficiencies in the Elbe estuary between June and August (FGG Elbe 2007 , Kerner 2007 . As the spawning activity in the estuary lasted at least from early May to mid-June, late spawners could be constrained during their migration by poor oxygen conditions, as observed in the river Scheldt for the entire stock (Maes et al. 2007 ). However, oxygen concentrations measured during the main freshwater phase from April to June did not point to harmful values within the years observed. Apart from that, high abundances in April and May indicated that only a small proportion of the spawning stock may have been affected in June.
Accordingly, there must have been other factors besides the oxygen concentration that favoured the positive development of the Elbe spawning stock of Alosa fallax. A stock-recruitment model for the river Severn population in the UK predicted a considerable increase in numbers of individuals if the mean water temperature rises as a consequence of climate change (Aprahamian et al. 2010) . As twaite shad is a Lusitanian species, which has its main distribution in the Iberian region, this development may especially apply to populations of the northern distribution limit (Aprahamian et al. 2010) . Indeed, over the last 5 decades, a long-term water temperature increase has been observed in the North Sea (e.g. Radach et al. 1990 , Marsh & Kent 2006 , Sherman et al. 2007 ). Since the 1990s, positive water temperature anomalies have been measured regularly in the German Bight (Hughes et al. 2011) , the region of the southern North Sea close to the mouth of the Elbe estuary, and severe winters with ice floes in the Wadden Sea are increasingly absent (Colijn & Fanger 2011) . Similar temperature increases may apply to the adjacent Elbe estuary as well, which is in line with the observed earlier spring temperature rise.
The onset of spawning is highly dependent on water temperature (Aprahamian et al. 2003) . The spawning period identified in this study was in accordance with the fact that northern stocks spawn later in the year than southern stocks (Aprahamian et al. 2003) . The time of spawning was similar to that of the populations in the Seine, France, and the Solway Firth, Scotland, which presumably spawn in June (Roule 1922 , Maitland & Lyle 2005 . With regard to climate change, a long-term water temperature increase should also result in an earlier onset of the freshwater phase (Aprahamian et al. 2010) , and thus an earlier spawning period of twaite shad. In the early 1960s, the spawning period of twaite shad in the Elbe estuary usually lasted from early May to mid-June, but was delayed in colder years (Hass 1968) . In 2010, spawning individuals occurred within the same period, thus a trend of an earlier onset of spawning could not be identified in this year. However, the most considerable abundance increases between the decades occurred at the onset of the spawning migration (Fig. 2B) , which may be associated with the higher mean water temperatures observed in April 2009 and 2010. This indicated that at the onset of the freshwater phase a huge part of the spawning stock immigrated within a shorter time period, i.e. in a more compact form than in the 1990s, when April abundances were low. This may be another consequence of climate change.
In the early 1990s, an upstream shift of the spawning grounds of Alosa fallax in the Elbe estuary was probably the result of improvements in water quality (Thiel et al. 1996) . The present extension of the spawning area incorporates the prior range, which occurred mainly between rkm 645 and 660 at the beginning of the 1990s (Thiel et al. 1996) and between rkm 635 and 660 at the end of the 1990s (Gerkens & Thiel 2001) . However, the present lower border of the spawning area extends further downstream to rkm 675. Higher mean abundances and higher numbers of spawning individuals suggest that, within this range, the main spawning area might be located within the middle part of the estuary (rkm 660−675) and therefore further downstream than before. For various European river systems such as the rivers Ebro, Scheldt and Severn, twaite shad is known to spawn exclusively in freshwater (Maitland & Lyle 2005 , Maes et al. 2008 , López et al. 2011 ). The same is true for the congeners American shad in the Hudson River in New York and major rivers in Virginia (Massmann 1952 , Limburg 2001 and blueback herring in the Connecticut and Thames rivers in Connecticut (Loesch & Lund 1977) . Thus the reduced salinity in the middle and upper Elbe estuary in comparison to conditions during the 1990s could have extended the area of suitable spawning habitat. This could have further benefited the twaite shad population. However, the spawning area in the Elbe estuary was located in both freshwater and areas of low salinities (0.5 ± 0.1), which is an exceptional finding.
This study provides clear evidence for the recovery of the twaite shad spawning stock in the Elbe estuary, based on abundance data. This new information on a large North Sea estuary, together with indications of increasing numbers of twaite shad in the Wadden Sea, German coastal areas and the Weser (Stelzenmüller et al. 2004 , Neudecker & Damm 2005 , Thiel & Backhausen 2006 , points to a general recovery of twaite shad in the North Sea. However, it cannot be excluded that a large proportion of twaite shad individuals in the southern North Sea area stems from only a single stock, namely from the Elbe estuary. Nevertheless, the findings on the recovery of the Elbe stock of twaite shad are in line with formerly published Alosa fallax recoveries in the Baltic Sea (Thiel et al. 2008) and in the Mediterranean (López et al. 2007) . As a result of these prior findings, the IUCN Red List listed twaite shad as a species of Least Concern (Freyhof & Kottelat 2008) , and in Lithuania twaite shad was removed from the national red list in 2005 (Zolubas & Piš<ikas 2007) . However, some red lists still regard twaite shad as an endangered species in the Baltic and in German waters of the North Sea (Fricke et al. 1994 , HELCOM 2007 . Considering the prior and present findings, the current vulnerability status of A. fallax in these regions should be reevaluated. However, as seen with twaite shad in the southern Baltic Sea (Thiel et al. 2008) , strong fluctuations in populations can occur. Hence, twaite shad spawning stocks should be monitored continuously to track their development and to ensure their maintenance. 
